An experimentally induced wound made in a confluent monolayer culture of porcine thoracic aortic endothelial cells (ECs) was studied 22 hours after wounding using 7-nitrobenz-2-oxa-1,3-diazole (NBD) phallacidin and immunofluorescence microscopy to localize actin and myosin containing microfilament (MF) bundles. ECs extending from the wound edge back toward the confluent monolayer showed a specific change in cell shape and in MF bundle distribution and orientation, which correlated with the cell migration behavior observed using time-lapse cinemicrophotography. The migrating ECs in the first zone, the leading zone, were polygonal to partially elongated in shape, and contained distinct central MF bundles oriented both parallel and perpendicular to the wound edge. The second zone, the elongated In our present study, we carried out a detailed examination of the ECs adjacent and close to the edge of an experimental wound made in a confluent resting monolayer. 19 We studied the role of cell shape change, myosin and F-actin distribution, and microfilament (MF) bundle organization and orientation in the ECs as they underwent structural and functional changes to become cells that translocate to cover the denuded area of the experimental in vitro wound.
C ell migration is a very important function of the endothelial cell (EC).
1 Whenever the vessel wall is injured, ECs rapidly attempt to cover the denuded area of endothelium by spreading over short distances, 23 by translocating over larger distances, 4 " 7 and by increasing in number due to EC proliferation. 8 ECs have been shown to contain complex cytoskeletal cytoplasmic fiber systems, both in vivo 9 " 14 and in vitro. 15 " 20 Since some of these fiber systems are considered important in cell migration, 21 " 25 we have carried out in vitro studies on porcine thoracic aortic ECs to define the role of various cytoskeleton elements in regulating EC migration.
In our present study, we carried out a detailed examination of the ECs adjacent and close to the edge of an experimental wound made in a confluent resting monolayer. 19 We studied the role of cell shape change, myosin and F-actin distribution, and microfilament (MF) bundle organization and orientation in the ECs as they underwent structural and functional changes to become cells that translocate to cover the denuded area of the experimental in vitro wound.
Our results indicated that three zones of ECs were present extending from the leading edge into the monolayer. The ECs in the three zones, referred to as the leading edge, elongated, and transitional zones, were distinguishable based on cell shape and MF bundle distribution, as detected by immunofluorescence for localizing myosin, by fluorescence microscopy with the reagent 7-nitrobenz-2-oxa-1,3-diazole (NBD) phallacidin 26 for localizing actin filaments, and by the extent of cell migration. We concluded that EC migration is associated with a redistribution of the central cytoplasmic MFs and a decrease in the dense peripheral band (DPB) of MFs. A preliminary account of part of this work appeared earlier.
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Methods
Cell Culture
ECs were harvested from slaughterhouse pig aortas by the collagenase enzyme dispersion method described previously. 19 Cultures were grown in Medium 199 in Earle's salts with 25 mM HEPES 0.3 mg/ liter L-glutamine (Gibco Company, Grand Island, New York) and 5% fetal bovine serum and 50 U/ml penicillin, 50 yug/ml streptomycin, and 0.25 /Ltg/ml amphotericin.
Wound
ECs subcultured once or twice were used for the experiments. Three different pools of ECs and three different batches of pooled serum were used. ECs were seeded at 4 x 10 4 cells/ml in 60 mm dishes containing 22 x 40 mm sterile glass coverslips. Upon reaching confluence, a wound was made on the coverslip by completely removing the cells present on one-third of the coverslip along the 40 mm edge using the flat edge of a wedge-shaped teflon spatula as previously described. 19 The dishes were rinsed well with sterile Dulbecco's phosphate buffered saline (PBS) and the wound area was examined microscopically to ensure that all the ECs were removed. The wounds were then incubated with the normal growth media for 22 hours before fixation.
Antlsera
The preparation of antiserum to pig uterine myosin has been previously described.
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Immunofluorescence and Actln Filament Localization
Wounds were processed for indirect immunofluorescence staining as previously described. 19 Briefly, at given time intervals, the coverslips were fixed in 3% paraformaldehyde at room temperature and made permeable with 0.1% Triton for 4 minutes. Antiserum to myosin was used at a dilution of 1:10 and fluorescein-labelled goat antirabbit IgG (Hyland, Costa Mesa, California) was used at a 1:1O dilution. Actin filaments were visualized by using the reagent 7-nitrobenz-2-oxa-1,3-diazole (NBD) phallacidin. 26 The coverslips were fixed and made permeable as above. The coverslips were then incubated with 9.9
x 10~1 1 moles of NBD phallacidin (Molecular Probes, Incorporated, Junction City, Oregon) in PBS for 20 minutes. Following PBS washes, the slides were mounted in glycerol/PBS (1:1). The cells were viewed in a Zeiss photomicroscope II equipped with a mercury vapor lamp, epifluorescene optics, and interference filters.
Clnemicrophotography
Time lapse cinemicrophotography was carried out as previously described. 19 Cultures were photographed with a 10 x or a 20 x phase contrast objective and a V* x relay lens on a Nikon Inverted Microscope Model M. The extent of cell movement, ruffling activity, and the change in cell shape was observed in both nonwounded and wounded cultures over the 22-hour time period following wounding.
Results
The data described below showed that when the ECs extending from the edge of the wound into the monolayer were studied, three zones of cells were defined at 22 hours after wounding as follows: 1) leading edge, 2) elongated, and 3) transitional. Table  1 summarizes the characteristics of each zone. At 22 hours, the number of rows of cells in each zone was as follows: leading edge = 1-2; the elongated zone = 3-5; transitional zone = 10-15 rows.
Time Lapse Clnemicrophotography
As described previously, 1920 the ECs translocated into the wound as a sheet of cells that covered the denuded area in a uniform manner. The direction of advancement of the sheet was perpendicular to the wound edge. Along the wound edge the first row of cells referred to as the leading edge zone (Figure 1 A, B), spread forward into the wound immediately after wounding. The cells showed prominent lamellipodia and intense ruffling. The cells tended to alter between an elongated and a polygonal shape as they migrated forward over the 22-hour period. The cells did not move forward in a synchronous manner. Often a cell had more than one large lamellipodia present along the wound edge, especially in the more polygonal cells. The ECs in that part of the elongated zone away from the wound edge began to change shape and elongate either perpendicular to the wound edge, or at various angles to it. These latter cells then realigned as they migrated forward in the elongated zone to become perpendicular to the wound edge (Figure 1 C, D) . The cells in the elongated zone did not show synchronous movement, although two to three neighboring cells might move in relative synchrony over a short period of time.
The ECs in the transitional zone (Figure 1 E, F) did not translocate except at the interface with the elongated zone, where a cell might begin to elongate and move forward into the elongated zone. The ECs within the transitional zone were minimally more spread than those in the confluent monolayer; however, they still maintained their polygonal shape.
These three zones were not absolutely distinct and thus blended into each other. At the interface of each zone there were cells showing shape and migration features which were characteristic of both zones. The changes in shape occurred first in the leading zone and, as the cells of the leading zone migrated forward, the elongated and transitional zones became distinct. The role of cell proliferation in establishing these zones was not studied.
Cells in the confluent monolayer both in a wounded (Figure 1 G, H) and in a nonwounded culture remained polygonal and did not undergo distinct shape changes. The cells did not translocate. Occasionally, the nucleus of the cell showed some saltatory movement. There was also some ruffling of the surface cell membrane.
Immunofluorescence and NBD Phallacldin Fluorescence
MF bundles were present in two general areas of the cell, in the cell center and at the periphery. F-actin staining was continuous along the MF bundles. The actin filaments were present at the periphery of the cell in circumferential dense thick continuous bundles referred to as the dense peripheral band (DPB) of MFs. The cell center contained thin distinct MF bundles. The DPB was present through the depth of the cell, while the central MF bundles were present primarily in the ventral part of the cell. Myosin staining of distinct MF bundles was characteristically discontinuous. In both the peripheral and central areas of the cell, sheets of alternating myosin-stained and unstained regions were observed similar to those that we previously described in spreading EC 17 and to the wavy speckled lamellar pattern described by Willingham et al. 28 The area containing the DPB identified with NBD phallacidin showed distinct MF bundles as well as thick prominent sheets of alternating myosin staining.
The cells at the leading edge zone contained central MF bundles whose main direction of orientation was either parallel or perpendicular to the wound edge (Figure 1 A, B) . The former occurred generally in those cells that were polygonal in shape, as opposed to elongated. The DPB was absent.
In the elongated zone, the elongated migrating cells showed prominent MF bundles within the cell cytoplasm, while the DPB was present in only very few cells and was much less prominent, being present only along part of the cell periphery (Figure 1 C,  D) . The central MF bundles were oriented parallel to the direction of migration of the ECs.
In the transitional zone the central MF bundles were somewhat more prominent than in the monolayer and their direction of orientation was random with respect to the wound edge. DPB were very broad and prominent (Figure 1 E, F) .
ECs within the confluent monolayer showed prominent DPB around the periphery of the cell and less prominent randomly oriented MF bundles within the central area of the cell (Figure 1 G, H) .
Discussion
MF bundles, commonly called stress fibers since they are hypothetical^ contractile and under mechanical stress, have been considered important in providing the force of contraction for cell migration. 21 -2429 " 32 In addition, it is likely that at least some of the stress fibers function as long substrate adhesion complexes, especially in well spread nonmigrating fibroblasts studied in vitro. 33 Burridge 34 suggested that stress fibers develop because the cell attempts to pull against a site of tight adhesion to the substrate. Several studies have shown that MF bundles did not appear necessary for cell motility and that the bundles became more prominent when cells became extremely flattened on the substratum and were nonmotile. 35 " 37 For example, an immunofluorescence study comparing rapidly translocating embryonic chick cells and HeLa cells to slow-moving cells suggested that the large actomyosin filament bundles were associated with nonmotile cells, while diffuse actin and myosin staining was associated with actively motile cells. 36 The role of the MF bundles in vascular endothelium has been under investigation. MF bundles have been shown to be present in situ in vascui ar 9. io. 12-14, M a n c j nonvascular 29 ' M tissue and thus are not artifacts of the tissue culture system. A comparison of the MF bundles that we observed in in vitro porcine thoracic aortic ECs with those described in recent in vivo studies indicate many similarities. Wong et al. 12 have recently shown that prominent MF bundles were present at the cell periphery of aortic ECs from several species. Central MF bundles were present in those ECs that appeared to be under hemodynamic stress. Central MF bundles were also observed in in vivo migrating corneal endothelial and lens epithelial cells following injury 29 and in in vivo regenerating rabbit aortic ECs. 13 Gabbiani et al. 13 recently reported that, in vivo, actin-containing MF were present at the periphery of aortic rabbit ECs while central MF bundles were present in ECs at sites located below intercostal arteries. Following balloon-induced endothelial denudation, centrally located MF bundles (termed stress fibers by the authors) appeared in the cells migrating into the wound. Since these central bundles persisted long after reendothelialization had ceased, and since they were also normally present in areas of high sheer force, Gabbiani et al. concluded that these fibers were not directly related to cell movement but instead were involved in the process of adherence of the EC to the substratum. This is similar to the report of Byers and Fujiwara 39 who found more stress fibers present in situ in scales of common goldfish that were more likely to be subjected to shearing forces. Endothelial cells, both in vivo 38 " 41 and in vitro 42 are indeed responsive to hemodynamic fluid shear stresses applied to them and will undergo changes in shape and orientation in response to altered flow.
In our present study we described how the MF bundles reorganize in two major ways as the ECs change from the resting state to the migrating state. The DPB of MF bundles, which were characteristic of the nonmigrating cells of the resting monolayer and the transitional zone, were markedly reduced and eventually not detectable in the migrating ECs of the elongated and leading edge zones. The centrally located MF bundles redistributed to become oriented parallel to the migration direction of the elongated zone ECs. These observations of the reorganization of the MF bundles of the cell cytoskeleton suggest the importance of MF bundles in EC migration and are consistent with our previous studies with cytochalasin B, which have shown that an intact MF bundle system is necessary for EC migration. 43 We are not, however, able to definitively conclude that the MF bundles function as adhesion complexes and/or as cytoskeletal elements that generate a cytoplasmic force necessary for directed migration. Since the long, central MF bundles are oriented parallel to the long axis of the cell and to the direction of locomotion, it is possible (as Albrecht-Buehler 44 has suggested in studies on migrating 3T3 cells) that the MF bundles are acting as cytoskeletal elements positioned within a cell and, since they are located close to the substrate, provide a "rail" for the cell to move along. Another possibility suggested by our present study is that the reorganization of the MF bundles was necessary, at least in part, to have stress fibers along the axis of the cell translocation so that the cell body may be drawn forward during EC locomotion, perhaps by an actomyosin-slidingfilament mechanism.
The role of the DPBs is of interest. We have seen similar large fibers running parallel and close to the cell periphery in partially flattened EC that were speading on glass coverslips about 1 to 2 hours after trysinization and plating. 17 Similar MF bundles have been observed in lens and retinal pigment epithelial cells and in corneal endothelial cells. 29 We have not seen DPBs in confluent cultures of porcine thoracic aortic smooth muscle cells. The DPBs are not artifacts created by the close contact of MF bundles of two adjacent cells since even after removal of a single cell from the EC confluent monolayer* 5 the DPB is still present along the cell border adjacent to the absent cell. Probably the peripheral band is associated with the microfilament mat that is located subadjacent to the plasma membrane described by Willingham et al. 28 Since the DPB was very prominent in nonmigrating cells, it is possible that these MF bundles may somehow act to stabilize the cell, perhaps via adhesion to the substratum or to adjacent cells, and prevent the cell from translocating. Focal adhesions or focal contacts are often found at the perimeter of cells and are the sites of very strong cellsubstratum adhesion. 46 Thus, one likely possibility is that the DPBs are associated with the sites of strong cell adhesion to its substratum.
For ECs to migrate, three main processes probably occur. The processing of a signal to initiate movement occurs first. This is followed by the activation of a system that establishes the directionality of movement and with another that provides the force of contraction for cell translocation. In our model system the loss of contact inhibition appeared to be at least one signal that initiated the movement of the cells at the leading edge. We have not investigated this in any detail in this study. Our previous studies indicated that the maintenance of directionality in this sheet movement is important and appears to be under the control of the microtubule organizing center. 2043 In our current study we have shown that the MF bundles undergo specific changes in the EC of the migrating sheet. One hypothesis that we would like to test is that the DPBs are important in the maintenance of the intact monolayer associated with cell-substratum and/or cell-cell contact and that the central MF bundles are related to providing the force of contraction for cell migration.
